INTRODUCTION
============

Dopamine (DA) is an important neurotransmitter and plays a critical role in a number of physiological processes, including neural signaling, vasodilation outside the brain, and reward processes in the brain ([@R1]). Abnormal levels of DA can be indicative of, or lead to, a number of disorders, such as Parkinson's disease, Alzheimer's disease, schizophrenia, or pheochromocytoma ([@R2]). In schizophrenic patients, Bird *et al.* ([@R3]) discovered elevated DA levels (by 30 to 50%) in certain regions of the brain (specifically, the nucleus accumbens and anterior perforated substance). On the other hand, patients with Parkinson's disease and dementia with Lewy bodies show reduced levels of DA in their brains ([@R2]).

Detection of DA can be carried out using a variety of methods, such as mass spectrometry ([@R4]), liquid chromatography ([@R4]), and electrochemical detection ([@R5]). Clinical DA tests for pheochromocytoma and other catecholamine-secreting tumors involve collection and storage of a patient's urine, followed by testing ([@R6]). In recent years, research has concentrated on the development of low-cost diagnostics to provide a prompt readout to the user at the point of need. Noninvasive electrochemical biosensors have become a benchmark in the biosensor community because of their high sensitivity, relatively low cost, short response time, and compatibility with integrated circuit technology for easy readout. Furthermore, because DA is a highly redox-active molecule, electrochemical detection is an innate choice for its detection. Previous reports of low concentration (pM) detection of DA do exist ([@R7]). Although these reports demonstrate remarkable DA detection capabilities, they use precious metals or biological capture molecules, such as nucleic acids, aptamers, or enzymes, that add to the fabrication complexity, thereby increasing overall cost and limiting the scalability.

Two-dimensional (2D) materials have emerged as a rising material platform to construct flexible and ultrasensitive sensors, including DA sensors ([@R5]). 2D materials share the advantages of high surface-to-volume ratio, the ability to scale down to a monolayer, robust covalent bonding within the layer, and tunable electronic/optical properties ([@R8], [@R9]). Specifically, graphene (the "mother" of all 2D materials) stands out as an efficient DA sensor because of its biocompatibility, high electrical conductivity, and strong π-π interactions with DA ([@R10]). However, pristine graphene is a zero-bandgap material with a lack of dangling bonds on its surface ([@R11]). Therefore, defects are typically necessary to open up the bandgap of graphene so that an efficient band alignment with a target analyte can be achieved ([@R10]). Instead, owing to their finite and tunable bandgap, transition metal dichalcogenides (TMDs) have a broad range of electronic properties, from insulators, semiconductors, and semimetals to true metals ([@R12]). Among them, MoS~2~, a semiconducting TMD with an indirect bandgap of 1.29 eV in the bulk and a direct bandgap of \~1.9 eV in the monolayer form ([@R13]), has been demonstrated as an effective material for DA detection ([@R5]). However, additional surface functionalization is still needed to facilitate the adsorption of the biomolecule to the surface. Hence, noble metal particles, such as gold (Au) ([@R5], [@R14]), are commonly used to form composites with MoS~2~ for the selective detection of DA. Considering the scarcity and cost of noble metals, it is necessary to find a lower cost alternative. In this context, doping with heteroatoms provides a unique opportunity to modify and functionalize the surface of layered materials ([@R15]). Doping not only introduces localized gap states that modulate electronic properties but also can improve the adsorption of molecules ([@R15]). Moreover, selectivity can be achieved by heteroatom doping. For example, manganese (Mn) has been considered as an efficient catalytic site to oxidize DA through redox cycling between Mn(II)/Mn(III) ([@R16], [@R17]). Thus, we hypothesized that incorporating Mn in MoS~2~ could significantly improve the selectivity of DA detection.

In this work, we design and fabricate Mn-MoS~2~ electrodes for the electrochemical identification of DA down to a concentration of 50 pM in phosphate-buffered saline (PBS) exhibiting two dynamic ranges of 50 pM to 5 nM and 5 nM to 5 μM. A scalable synthesis method is developed for the electrodeposition of MoS~2~ on pyrolytic graphite sheets (PGSs), followed by thermal doping of MoS~2~ with Mn. Using scanning transmission electron microscopy (STEM) and X-ray photoelectron spectroscopy (XPS), it is observed that \~68% of Mn atoms substitutionally dope MoS~2~, whereas \~32% of Mn atoms are adatoms. The incorporation of Mn dopants leads to improved electrochemical behavior toward DA compared to bare PGS and undoped MoS~2~. Specifically, Mn-MoS~2~ exhibits outstanding performance in the selective detection of DA versus other common redox-active interferents, including ascorbic acid (AA) and uric acid (UA). Moreover, Mn-MoS~2~ shows a DA detection limit of 5 nM in serum and 50 nM in artificial sweat. Density functional theory (DFT) calculations are carried out on several possible Mn defect locations within the MoS~2~ lattice. We calculate that Mn substituting Mo atoms (Mn~Mo~) is energetically favorable and induces a better alignment between the highest occupied molecular orbital of DA and the valence band of Mn-MoS~2~ compared to other defect configurations, such as Mn adatoms on top of Mo (Mn~topMo~). Our calculations demonstrate that Mn~Mo~ defects lead to the physisorption of DA molecules rather than chemisorption (as in the case of the Mn~topMo~ defect).

RESULTS
=======

Material synthesis and characterization
---------------------------------------

Mn-doped MoS~2~ is synthesized via a two-step approach involving step 1 (electrodeposition) and step 2 (solid-vapor deposition) ([Fig. 1A](#F1){ref-type="fig"}). Amorphous MoS~2~ is first electrodeposited on a PGS (MTI Corp.) to create MoS~2~/PGS. Because of the lack of crystalline bonds in the deposited amorphous MoS~2~, heteroatoms are able to be incorporated into MoS~2~. Here, a solid-vapor deposition is used to introduce Mn atoms, while the amorphous MoS~2~ becomes crystallized. The Raman spectrum of 2H MoS~2~ (fig. S1) shows the in-plane (E^1^~2g~) and out-of-plane vibration (A~1g~) modes around 384.0 and 411.4 cm^−1^, respectively. After Mn doping, the E^1^~2g~ remains unchanged, but the A~1g~ mode shifts from 411.4 cm^−1^ in MoS~2~ to 408.6 cm^−1^ in Mn-MoS~2~/PGS, which is due to a strong electron-phonon coupling of the A~1g~ mode after doping \[e.g., Nb doping; ([@R18])\].

![Materials synthesis and confirmation of the presence of Mn atoms.\
(**A**) Schematic of the two-step synthesis of Mn-MoS~2~: Step 1: MoS~2~ electrodeposition on PGS in a three-electrode electrochemical cell. Step 2: Mn doping via solid-vapor deposition. (**B**) EDS mappings (Mo, Mn, S, and O) of Mn-MoS~2~, and the inset is the STEM image of the mapping area. Experimental and simulated HAADF intensity profiles corresponding to (**C**) Mn~Mo~ and (**D**) Mn~topMo~. The STEM images and the structures are shown in the insets.](abc4250-F1){#F1}

The energy-dispersive X-ray spectroscopy (EDS) mappings ([Fig. 1B](#F1){ref-type="fig"}) indicate that the distribution of Mn is correlated with Mo and S with mild oxidation. STEM coupled with high-angle annular dark-field (HAADF) imaging with atomic resolution reveals the fine structure of the Mn-MoS~2~ based on the *Z*-contrast difference between Mn (*Z*~Mn~ = 25) and Mo (*Z*~Mo~ = 42), where *Z* is the atomic number ([@R19]). As seen in fig. S2A, Mn~Mo~ and Mn~topMo~ can be both found in Mn-MoS~2~, and the distribution reveals that \~68% of Mn atoms are Mn~Mo~. Because of the Z-contrast mechanism, Mn atoms show a weaker contrast when compared to Mo if they are substitutionally doping MoS~2~ ([Fig. 1C](#F1){ref-type="fig"}). On the contrary, if Mn atoms are bonded as adatoms on top of the Mo atoms, they have brighter contrast than Mo as seen in [Fig. 1D](#F1){ref-type="fig"}. In addition, the HAADF-STEM image intensity line profiles also reveal that Mn atoms are doped as both Mn~Mo~ and Mn~topMo~; Mn atoms are all bonded to S atoms, thus matching the simulated image line profiles ([Fig. 1, C and D](#F1){ref-type="fig"}). This is also confirmed by the presence of Mn-S bonds in the XPS spectra (fig. S3). On the basis of the Mn 2p core level (fig. S3A), the peaks located at 642.0 and 653.5 eV can be assigned to Mn 2p~3/2~ and Mn 2p~1/2~ for Mn-S bonds ([@R20]). Because of oxidation, Mn-O bonds can also be found with a spin-orbit splitting of 11.8 eV ([@R21]). According to the S 2p core level (fig. S3B), the Mn-S bonds located at 162.0 eV (S 2p~3/2~) can be clearly observed, together with Mo-S bonds at 162.3 eV (S 2p~3/2~) in Mn-MoS~2~ ([@R20]). On the basis of the XPS results, the total incorporation of Mn in Mn-MoS~2~ is \~2.15 atomic % as indicated in table S1. By comparing the x-ray diffraction (XRD) patterns of the Mn-MoS~2~, MoS~2~, and the PGS substrate (fig. S4), only the additional (002) peaks of MoS~2~ can be found in Mn-MoS~2~, indicating that Mn atoms are mainly doping the MoS~2~ sheets rather than forming into crystalline Mn clusters.

Electrochemical characterization
--------------------------------

To understand and compare the charge transfer characteristics of PGS, MoS~2~/PGS, and Mn-MoS~2~/PGS samples, we use electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). A schematic of the electrochemical testing setup is shown in [Fig. 2A](#F2){ref-type="fig"}. To better understand the modulation of electroactivity, surface functionalities, and the effective surface area after each synthesis step, we use three redox-active compounds, namely, \[Fe(CN)~6~\]^3−/4−^, an inner-sphere redox probe, \[Ru(NH~3~)~6~\]^2+/3+^, an outer-sphere redox probe (both 5 mM in PBS), and 50 μM DA in PBS. While outer-sphere probes do not chemically interact with the electrode surface, inner-sphere probes are affected more by surface chemistry and the electron transfer between electrode and probe molecule can vary drastically in the presence of various surface functionalities ([@R22]). Hence, both types of redox probes are used to compare PGS, MoS~2~/PGS, and Mn-MoS~2~/PGS samples.

![Electrochemical characterization and sensing performance of Mn-MoS~2~ and MoS~2~ on PGS.\
(**A**) Schematic of the electrochemical testing setup. (**B**) The EIS results for each electrode in 50 μM DA in PBS. The Mn-MoS~2~/PGS shows the lowest charge transfer resistance (4.49 × 10^4^ ohms) followed by MoS~2~/PGS (7.10 × 10^4^ ohms) and PGS (9.11 × 10^5^ ohms). The inset shows a closer view of the MoS~2~ and Mn-MoS~2~ spectra. (**C**) DPV data of different ρ~DA~ in PBS using Mn-MoS~2~/PGS. (**D**) Calibration curves *I*/*I*~max~ (%) versus ρ~DA~ derived from the DPV data shown in (C). (**E**) DPV results for different ρ~DA~ in PBS containing 50 μM AA and 100 μM UA using Mn-MoS~2~/PGS. (**F**) Lifetime measurements using Mn-MoS~2~/PGS: *I*/*I*~day1~ (%) versus day.](abc4250-F2){#F2}

Figure S5 shows the CV curves for \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3−/4−^ redox probes. For \[Ru(NH~3~)~6~\]^2+/3+^, a decrease in the Faradaic peak separation (∆*E*~p~) of 30 mV is observed in Mn-MoS~2~/PGS when compared to PGS and MoS~2~/PGS (∆*E*~p~ = 110 mV for both), corresponding to a 27% decrease. Such a decrease in the peak separation indicates an improvement in the reaction kinetics ([@R23]). The Faradaic peak current ratio (i.e., the ratio of oxidation to reduction peak currents, *I*~o/r~ ≡ *I*~ox~/*I*~red~) also shifts closer to unity for Mn-MoS~2~/PGS (*I*~o/r~ = 0.91) compared to 0.79 and 0.84 for PGS and MoS~2~/PGS, respectively. Similar to ∆*E*~p~, the peak current ratio benchmarks the electrochemical performance of a material, with a value of 1 corresponding to ideal electrochemical reversibility ([@R23]). The absolute current values are very similar in all three samples, implying that the effective surface area is roughly the same. Figure S5B shows the CV data of each electrode using the \[Fe(CN)~6~\]^3−/4−^ inner-sphere redox probe. A drastic improvement in ∆*E*~p~ can be seen for both Mn-MoS~2~/PGS (∆*E*~p~ = 700 mV) and MoS~2~/PGS (∆*E*~p~ = 570 mV) when compared to PGS (∆*E*~p~ = 930 mV). The peak current ratio also shifts closer to unity for Mn-MoS~2~/PGS (*I*~o/r~ = 2.67) as opposed to PGS (*I*~o/r~ = 3.42) and MoS~2~/PGS (*I*~o/r~ = 3.77), which corresponds to ca. 30% improvement. Characterization with \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3−/4−^ shows a shift toward more ideal values (i.e., *I*~o/r~ = 1 and $\mathrm{\Delta}E_{p} = \frac{59.2}{n}$ mV at room temperature, where *n* = number of electrons transferred in reaction) for Mn-MoS~2~/PGS compared to PGS and MoS~2~/PGS, with the exception of ∆*E*~p~ for Mn-MoS~2~/PGS being greater than ∆*E*~p~ for MoS~2~/PGS with \[Fe(CN)~6~\]^3−/4−^. A possible cause for a larger ∆*E*~p~ (i.e., slower charge transfer) for Mn-MoS~2~/PGS as opposed to MoS~2~/PGS may be due to an increase in the negative charge at the Mn-MoS~2~/PGS electrode, thereby repelling the negatively charged \[Fe(CN)~6~\]^3−/4−^ more readily ([@R24]).

EIS provides a means to better understand the electrode/solution interface and the electrochemical reactions with a target analyte (here, DA) ([@R25]). Using 50 μM DA as a redox probe, EIS measurements are performed on PGS, MoS~2~/PGS, and Mn-MoS~2~/PGS electrodes. Here, a DC potential (*E*~dc~) of 0.1 V versus open-circuit potential (OCP) and an AC potential of 10 mV are applied to the electrodes. The Nyquist data are fit with a Randles equivalent circuit ([Fig. 2B](#F2){ref-type="fig"}) composed of a solution resistance (*R*~sol~), charge transfer resistance (*R*~ct~), double-layer constant phase element (CPE; *Q*~dl~), and a Warburg impedance element (*Z*~W~). A CPE is used instead of a standard capacitor to account for non-idealities in the system (e.g., surface roughness). Typical fitted values of the exponent (*n*) in the CPE impedance ($Z = \frac{1}{Q{(j\omega)}^{n}}$) are \~0.9, with a value of 1 representing an ideal capacitor. [Figure 2B](#F2){ref-type="fig"} shows the EIS data for each electrode, swept over a range of frequencies from 100 mHz to 1 MHz. The *R*~ct~ of the PGS sample is \~(9.11 ±0.8)× 10^5^ ohms, with less than 10% fitting error. The inset of [Fig. 2B](#F2){ref-type="fig"} provides a closer look at the high-frequency regions of the MoS~2~/PGS and Mn-MoS~2~/PGS spectra. The *R*~ct~ of MoS~2~/PGS is (7.10 ± 0.4) × 10^4^ ohms, which is larger than that of Mn-MoS~2~/PGS \[(4.49 ± 0.5) × 10^4^ ohms)\]. The decrease in charge transfer resistance toward DA upon the addition of Mn to the MoS~2~/PGS electrode suggests more favorable kinetics compared to MoS~2~/PGS and PGS.

Sensing performance
-------------------

Among various electrochemical sensing methods, differential pulse voltammetry (DPV) is one of the most commonly used techniques, in which square pulses are imposed upon a linear potential sweep. High sensitivity with DPV is achieved because of "filtering" of the non-Faradaic current by sampling the current before and at the end of each pulse. [Figure 2C](#F2){ref-type="fig"} shows DPV data obtained using Mn-MoS~2~/PGS with concentrations (ρ*~DA~*) ranging from 50 pM to 50 μM in PBS solution (pH 7.2). The DA oxidation peak currents increase with concentration, with a limit of detection (LoD) of \~50 pM for Mn-MoS~2~/PGS, while the LoD of undoped MoS~2~/PGS is four orders of magnitude higher (ca. 500 nM), as seen in fig. S6. The substantial improvement of the detection limit is consistent with the improved charge transfer resistance of Mn-MoS~2~/PGS when compared to the other two samples (i.e., $R_{\text{ct}}^{\text{Mn} - \text{MoS}2} < R_{\text{ct}}^{\text{MoS}2} < R_{\text{ct}}^{\text{PGS}}$). On the basis of the calibration curve ([Fig. 2D](#F2){ref-type="fig"}), the signal ([Eq. 1](#E1){ref-type="disp-formula"}) is proportional to the log(ρ~DA~) in the range of 50 pM to 5 nM. The corresponding regression equation is provided in [Eq. 2](#E2){ref-type="disp-formula"} with a correlation coefficient of 0.9928. As the DA concentration increases, the surface of Mn-MoS~2~ is saturated with DA, and the increase in the peak current becomes slower, thus resulting in another regression equation ([Eq. 3](#E3){ref-type="disp-formula"}) with a correlation coefficient of 0.9967$$\text{log}(I_{n}) \triangleq \text{log}\left( \frac{I}{I_{\text{max}}} \times 100\% \right)$$$$\text{log}I_{n} = 1.194 + 0.405~\text{log}\rho_{\text{DA}}$$$$\text{log}I_{n} = 0.470 + 0.085~\text{log}\rho_{\text{DA}}$$

From the DPV data shown in [Fig. 2C](#F2){ref-type="fig"}, we observe that as ρ~DA~ increases from 50 nM to 5 μM, the DPV peak shifts to more positive values. When ρ~DA~ further increases to 5 mM (fig. S7A), the shift is almost 300 mV (fig. S7B). These shifts are generally attributed to a decreased diffusion coefficient and hence slower electron transfer when ρ~DA~ increases; thus, a more positive potential is needed to overcome the kinetic barrier ([@R26]). However, by comparing the calibration curves shown in [Fig. 2D](#F2){ref-type="fig"} and the peak shift plot in fig. S7B, the potential shift is negligible (\~10 mV) from 50 pM to 5 nM, corresponding to the first linear region ([Eq. 2](#E2){ref-type="disp-formula"}), but a more obvious shift (\~300 mV) is obtained from 5 nM to 5 mM, which corresponds to the second linear region ([Eq. 3](#E3){ref-type="disp-formula"}). At higher concentrations, the peak shifts can also be attributed to surface fouling from by-products of DA oxidation ([@R27]). Other than that, as discussed in the DFT section, the contribution of Mn~topMo~ defects, which involves chemisorption of DA on the sensor, increases with DA concentration. The enhanced chemisorption may also explain the noticeable shift of the peak potential from 50 nM to 5 mM. At concentrations below 50 nM (more physiologically relevant), the contribution of Mn~Mo~ defects (interacting with DA through physisorption) is more dominant, thereby explaining the noteworthy improvement of sensing performance at low DA concentrations. Therefore, two distinct dynamic regions are obtained in the calibration curves shown in [Fig. 2D](#F2){ref-type="fig"}.

Besides sensitivity, selectivity is another essential figure of merit for any sensor. In the extracellular fluids of the central nervous system and serum in mammals, AA and UA always coexist with DA ([@R14]). Thus, it is essential to selectively detect DA in the presence of these redox-active interferents. To evaluate the selectivity of Mn-MoS~2~/PGS sensors toward DA, we test solutions of AA and UA in PBS (see fig. S8). No oxidation peak for AA is seen in the concentration range tested, while a peak can be seen for UA around −0.1 V similar to that of DA, although the peak magnitudes are much less than for DA. The peak currents at different concentrations of each analyte are compared in fig. S8D, demonstrating that Mn-MoS~2~/PGS is substantially more responsive to DA than UA and AA. This improved response indicates favorable adsorption of DA on the surface of Mn-MoS~2~/PGS over AA and UA at the same condition. Furthermore, amperometric tests are conducted to evaluate the real-time response of the Mn-MoS~2~ sensor to DA, as well as several other common physiological interferents (fig. S8E). The Mn-MoS~2~ sensor is highly selective toward DA oxidation while demonstrating little to no response to other common physiological interferents at the applied potential of 0.15 V. Continuing with this theme, Mn-MoS~2~ is then tested in a mixed solution with increasing ρ~DA~, while ρ~AA~ and ρ~UA~ are kept at 100 and 50 μM, respectively. As seen in [Fig. 2E](#F2){ref-type="fig"}, the peak current increases, with ρ~DA~ ranging from 5 nM to 50 μM, and the presence of UA and AA has an insignificant effect on the sensor performance. The DA selectivity is due to the catalytic behavior of the Mn dopants, where the redox couple Mn(II)/Mn(III) is considered as the catalytic sites for DA oxidation ([@R16], [@R17]). Besides sensitivity and selectivity, the Mn-MoS~2~/PGS sensor is environmentally stable in air. The response of the Mn-MoS~2~/PGS sensor toward 5 μM DA is recorded every \~5 days ([Fig. 2F](#F2){ref-type="fig"}). After 12 days, there is only a 10% degradation in the peak current, revealing good ambient stability.

To demonstrate the application of Mn-MoS~2~/PGS for quantification of an analyte in physiological conditions, which is important for point-of-care diagnostics, we explore the sensing performance of Mn-MoS~2~/PGS for detection of DA in artificial sweat. Our results, as shown in [Fig. 3A](#F3){ref-type="fig"}, indicate that the Mn-MoS~2~/PGS sensor is able to detect DA concentrations as low as 50 nM in artificial sweat containing 5 mM glucose. To the best of our knowledge, there are no reports on sensing DA in sweat despite the fact that many of the biomarkers found in blood are also found in sweat, albeit at lower concentrations ([@R28]). In addition, the Mn-MoS~2~/PGS sensor is able to detect DA in another biologically complex sample, namely, serum, with a detection limit at 5 nM. Our results provide the first step in demonstrating Mn-MoS~2~ as a low-cost sensitive material for noninvasive monitoring of DA levels in sweat using wearable technologies.

![Detection of DA in biologically complex samples: artificial sweat and 10% serum and a proof-of-concept integrated sensor.\
DPV results with DA in biologically complex samples: (**A**) artificial sweat containing 5 mM glucose and (**B**) 10% serum in PBS using Pt CE and Ag/AgCl RE. The Mn-MoS~2~/PGS sensor is able to detect 50 nM DA in artificial sweat with 5 mM glucose and 5 nM DA in 10% serum. (**C**) DA detection with an all-integrated sensor: a schematic of the all-integrated sensor fabricated on a polyimide (PI) sheet with on-chip WE, CE, and RE (inset: photograph of the fabricated sensor. Photo credit: D. Butler, Pennsylvania State University.) and the corresponding DPV results. The integrated sensor enables the detection of 500 nM DA in PBS.](abc4250-F3){#F3}

In addition, as a proof of concept and to demonstrate the compatibility of Mn-MoS~2~ for integration with flexible platforms, we fabricate an all-integrated sensor on a flexible polyimide (PI) substrate. Traditional electrochemical setups, with bulky reference electrodes (REs), can be cumbersome and pose a challenge in the pursuit of miniaturization and portability. Hence, these setups are not conducive to point-of-care monitoring. Here, Mn-MoS~2~/PGS is used as the working electrode (WE), PGS as the counter electrode (CE), and silver (Ag) paste as the pseudo-RE. A schematic of the sensor is shown in [Fig. 3C](#F3){ref-type="fig"} with the resulting sensor response to DA in PBS, thereby transitioning from traditional electrochemical testing schemes toward potential point-of-care applications. After baseline subtraction, the sensor is able to successfully detect as low as 500 nM.

Overall, the Mn-MoS~2~/PGS sensor shows an ultralow LoD for DA (50 pM in PBS, 5 nM in 10% serum, and 50 nM in sweat). The sensor enables a wide dynamic range for detection of DA from 50 pM to 5 μM (defined by two fitting equations, [Eqs. 2](#E2){ref-type="disp-formula"} and [3](#E3){ref-type="disp-formula"}). [Table 1](#T1){ref-type="table"} provides a comparison of Mn-MoS~2~/PGS with a selection of contemporary electrochemical DA sensing methods reported in the literature. This work demonstrates an improved LoD compared to other works. The selectivity is comparable to the existing reports. However, compared to most other studies (focusing on PBS as the electrolyte), Mn-MoS~2~/PGS is an effective material for DA detection in sweat, offering alternative opportunities for developing noninvasive diagnostics.

###### A comparison of this work with recently reported electrochemical DA sensors.

Amp., chronoamperometry; CB, carbon black; CV, cyclic voltammetry; DPV, differential pulse voltammetry; HMS, hollow microspheres; ITO, indium tin oxide; LoD, limit of detection; LSG, laser-scribed graphene; NPs, nanoparticles; PABSA, poly(*m*-aminobenzenesulfonic acid); PBS, phosphate-buffered saline; PEDOT, poly(3,4-ethylenedioxythiophene); PET, polyethylene terephthalate; rGO, reduced graphene oxide; Ty, tyrosinase.

  **Material**         **Method**   **Medium**         **Sensing performance**   **References**                                
  -------------------- ------------ ------------------ ------------------------- --------------------------------------------- -----------
  Cu~2~O HMS/CB        Amp.         PBS (pH 5.7)       3.96 × 10^−2^             9.9 × 10^−2^ to 7.08 × 10^2^                  ([@R45])
  WO~3~ NPs/GCE        DPV          PBS (pH 7)         2.4 × 10^−2^              10^−1^ to 5 × 10^1^, 5 × 10^1^ to 6 × 10^2^   ([@R46])
  PET/ITO/NiO NPs/Ty   CV           PBS (pH 6.5)       1.04                      2 to 1 × 10^2^                                ([@R47])
  Graphene/diamond     DPV          PBS (0.1 M)        2 × 10^−1^                5 × 10^3^ to 2 × 10^3^                        ([@R48])
  LSG/PEDOT            DPV          PBS (pH 7.4)       3.3 × 10^−1^              1 × 10^2^ to 1.5 × 10^2^                      ([@R49])
  AuNPs\@MoS~2~        DPV          PBS (pH 7)         5 × 10^−2^                5 × 10^−2^ to 3 × 10^1^                       ([@R14])
  PABSA-rMoS~2~        DPV          PBS (pH 7)         2.2 × 10^−1^              1 × 10^1^ to 5 × 10^1^                        ([@R50])
  MoS~2~/rGO/AuNPs     DPV          PBS (pH 7)         1.1 × 10^−1^              3 × 10^−1^ to 1.983 × 10^2^                   ([@R51])
  Mn-MoS~2~/PGS        DPV          PBS (pH 7.2)       5 × 10^−5^                5 × 10^−5^ to 5 × 10^1^                       This work
  Mn-MoS~2~/PGS        DPV          Artificial sweat   5 × 10^−2^                5 × 10^−2^ to 5 × 10^2^                       
  Mn-MoS~2~/PGS        DPV          10% serum          5 × 10^−3^                5 × 10^−3^ to 5 × 10^2^                       

DFT calculations
----------------

To better understand the improved charge transfer and significantly higher sensitivity of Mn-MoS~2~/PGS compared to pristine MoS~2~/PGS samples, the electronic structure and energetics of several Mn defects in the MoS~2~ lattice have been computed using DFT. The defects considered are Mn substituting a sulfur atom (Mn~S~), Mn on top of a Mo atom (Mn~topMo~), two Mn atoms in the Mo site (denoted as Mn-split interstitial, 2Mn~si~), and Mn substituting a Mo atom (Mn~Mo~). [Figure 4A](#F4){ref-type="fig"} plots the defect formation energy, revealing that Mn~topMo~, Mn~si~, and Mn~Mo~ are energetically possible. However, the formation energy of Mn~Mo~ is significantly lower than that of Mn~topMo~ and 2Mn~si~, hence suggesting it to be the most abundant defect, which is consistent with the HAADF-STEM analysis (fig. S2). Although 2Mn~si~ is more favorable than Mn~topMo~, the interaction with the DA molecule is less stable than if there were no defects; therefore, 2Mn~si~ is discarded. In other words, the molecule will not get anchored at this defect site.

![Density functional calculations.\
(**A**) Formation energy of the Mn defects per Mn atom is shown for various defect configurations considered in this work. The substitutional defect Mn~Mo~ is the lowest energy defect for most of the allowed chemical potential region. The least stable is the Mn~S~ defect in which Mn atoms are substitutionally doped at the S sites. Mn~Si~ represents the defects of two Mn atoms in the Mo site. (**B**) Top and side views of DA interacting with Mn~topMo~ (neutral defect) forming a chemical bond and DA adsorbed (physisorbed) on Mn~Mo~^+1^. (**C**) Density of states (DOS) projected onto the DA molecule (in red) and the MoS~2~ defective layer (in blue): The Mn~topMo~ defect introduces impurity states in the bandgap, and the electrons close to the conduction band minimum will be available to generate a current in the device. Because Mn~Mo~^+1^ is nonmagnetic, the spin up/down components are not shown separately. Here, states from the DA molecule sit in the middle of the gap slightly below the unoccupied Mn~Mo~ defect states; thus, holes from MoS~2~ can be preferentially transferred to these states, oxidizing the DA molecule.](abc4250-F4){#F4}

To study the material interaction with DA, we consider both the Mn~topMo~ and substitutional Mn~Mo~ defects (schematically shown in [Fig. 4B](#F4){ref-type="fig"}). The binding energy of DA to Mn~topMo~ is 2.91 eV, while the binding energy to the Mn~Mo~ is 0.65 eV, which is 0.02 eV larger than the binding to the defect-free MoS~2~. The exposed Mn in Mn~topMo~ allows it to strongly bind to the DA molecule because of the formation of Mn-C bonds with the aromatic ring of the DA. The large change in the density of states (DOS) after interaction with DA (fig. S9) confirms such strong interaction. The state belonging to the DA is at the valence band maximum of MoS~2~, with several states belonging to the Mn~topMo~ defect at higher energy (fig. S9). Holes from the MoS~2~ would preferentially fill these defect states instead of oxidizing the DA molecules. This, coupled with the large binding energy, makes it unlikely that the DA molecule can be oxidized and then released from the defect for efficient sensing. The Mn~topMo~ defect generates a magnetic moment of 3μ~B~ in a supercell of 108 atoms; this magnetic state is 0.96 eV (per 108 supercells) more stable in energy than the nonmagnetic case.

The Mn~Mo~ defect, on the other hand, only reacts with DA through physisorption with a carbon atom from the DA sitting above the Mn atom. Physisorption is critical in catalysis, as a catalytic material should ideally both adsorb the target species and efficiently desorb reaction by-products to allow for further catalytic reactions to take place ([@R29]). The DOS of the DA interacting with the Mn~Mo~^+1^ (Mn~Mo~ defects in which Mn is +1 charge state) is shown in [Fig. 4C](#F4){ref-type="fig"}. The neutral defect has one occupied level above DA. With the defect level in the +1 charge state, the occupied states with the highest energy now belong to the DA molecule. This ensures that holes will preferentially transfer to the DA molecule from the MoS~2~. Ionizing the defect allows the DA molecule to be oxidized, because the frontier orbitals now belong to the DA molecule, meaning that any hole from the MoS~2~ will be transferred to the DA. The physisorption also ensures that the molecule can be removed after oxidation to allow other DA molecules to access the site.

DISCUSSION
==========

Elemental doping of TMDs for electrochemical biosensing applications remains relatively unexplored despite substantial efforts in other areas, such as electronics, thermoelectrics, and energy harvesting (e.g., hydrogen generation) ([@R30]--[@R32]). This is likely due to the seemingly endless combination of TMD parent compounds, dopants, and analytes, which presents researchers with the challenge of deciding which combinations are worthwhile. Furthermore, the introduction of dopants into the TMD lattice does not always have beneficial implications for catalysis and electrochemistry ([@R32]). Therefore, combined experimental and computational approaches, such as the work presented here, provide guidance in understanding how modulation of the electronic band structure can enhance the sensing behavior and realize such behavior experimentally.

In this work, we designed and fabricated highly sensitive electrochemical sensors for detection of DA using electrodeposited MoS~2~ layers doped with Mn atoms. Using high-resolution TEM--STEM microscopy, we observe that the doping process results in different defect configurations: Mn atom on top of Mo (Mn~topMo~) and Mn substituting a Mo atom (Mn~Mo~), which are twice as abundant as the former. The enhanced sensing performance in the low concentration range (0 to 5 nM) is attributed to the affinity of Mn~Mo~ to physically adsorb DA, while the contribution of Mn~topMo~ defects increases at higher concentrations (5 nM to 5 mM). While Mn~topMo~ defects form a chemical bond with DA (i.e., chemisorbed), the probability of hole transfer to DA is miniscule, meaning that oxidation will not occur. However, for the Mn~Mo~ defect, which is more stable than the Mn~topMo~ defect, the DA is physisorbed and the probability of hole transfer to the DA is higher. Hence, this defect configuration is able to oxidize DA more readily. Future investigations into other elemental dopants (e.g., Cu, Fe, Co, and Ni) and their effect on charge transfer and biosensor response are certainly warranted. As a result of the improved electronic characteristics from doping, the electrochemical sensors based on Mn-doped MoS~2~ are capable of DA detection down to 50 pM in PBS at neutral pH, which is four orders of magnitude lower than that of undoped MoS~2~. Electrochemical analysis using various redox probes confirms that the addition of Mn improves the charge transfer kinetics compared to bare PGS and undoped MoS~2~. The sensor is also selective toward DA when compared to AA and UA and is able to detect as little as 50 nM DA in sweat and 5 nM in serum.

While the sensor response to UA is much less than for DA, the overlapping peaks could present some minor complications and addressing this issue could be the subject of a future study. Aside from doping (as discussed here), other strategies for enhancing selectivity to DA include surface functionalization \[e.g., enzymes (tyrosinase) ([@R33]), aptamers ([@R34]), and metal/metal oxide nanoparticles ([@R35])\], incorporation of ionic liquids into the sensor ([@R36]), and advanced voltammetric techniques \[such as fast-scan CV ([@R37])\]. These techniques each come with their respective pros and cons. For example, enzymatic sensors display a high degree of selectivity but can suffer from long-term environmental instabilities and require immobilization of the enzyme on the sensor surface, which introduces a new set of fabrication challenges ([@R38]) and may limit scalability. Although no method poses as a perfect solution, the present work opens up avenues for the engineering of 2D and layered systems in bioelectronics with enhanced sensing performance through tuning of the material properties, thereby allowing for more sensitive and selective analyte detection. Despite electrochemical sensors being the first successfully commercialized biosensor technology---specifically glucose sensors---to the best of our knowledge, there are no commercially available electrochemical DA sensors available. Hence, we believe that the contributions presented here help serve the materials and biosensor communities, as well as the broader research community, in transitioning toward novel point-of-care applications.

MATERIALS AND METHODS
=====================

Material synthesis
------------------

MoS~2~ electrodeposition was performed using ammonium tetrathiomolybdate \[99.97%, 1 mg ml^−1^; (NH~4~)~2~MoS~4~; Sigma-Aldrich\] and potassium chloride (\>99%, 1 mg ml^−1^; KCl; Sigma-Aldrich, supporting electrolyte) aqueous solution as the electrolyte. Pt wire was used as the CE, Ag/AgCl (sat. KCl) as the RE, and the PGS as the WE. To reduce the MoS~4~^2−^ anions into amorphous MoS~2~, a potentiostatic deposition was performed for 1 hour at −0.8 V (versus Ag/AgCl). Subsequently, the deposited MoS~2~/PGS was placed into a small quartz tube, next to the Mn precursor (60 mg of manganese acetate). The small quartz tube with MoS~2~/PGS and the Mn precursor were then transferred to the middle of a larger quartz tube with a diameter of 1 cm for doping/annealing. To avoid the oxidation of MoS~2~ during the doping/annealing, sulfur powder (1 g) was heated separately using a heating belt at the upstream of the tube, and the system was purged with Ar \[300 standard cubic centimeter per minute (sccm)\] for 15 min. The temperature ramp for the sulfur powder was as follows: heat up to 70°C in 10 min with a 30-min dwell time, then further heating to 250°C in 6 min, and dwell time for 20 min followed by cooling down naturally to room temperature. The tube furnace was first ramped to 500°C in 20 min and then heated to 800°C for another 20 min, followed by a 30-min dwell time. The Ar flow was 100 sccm during the synthesis. Last, the furnace was cooled down to room temperature naturally. Pristine MoS~2~ samples were prepared using the same conditions without using the Mn precursor.

Material characterization
-------------------------

Mn-doped MoS~2~ film on graphite paper (Mn-MoS~2~/PGS) was transferred to a Quantifoil TEM grid by scratching the surface of Mn-MoS~2~/PGS. The scratched flakes were dispersed into ethanol and sonicated for 10 s, and then the solution was dropped onto a Quantifoil TEM grid. TEM was carried out using a FEI Titan^3^ G2 S/TEM operating at 80 kV. A HAADF detector was used for STEM-ADF imaging. For most images in this work, a Gaussian blur filter (*r* = 2.00) was applied by the ImageJ program to reduce noise and enhance the visibility of the structural details. STEM-ADF image simulation was conducted by the QSTEM package ([@R39]). Simulation parameters, such as acceleration voltage, spherical aberration (C~3~ and C~5~), and convergence angle and inner/outer angle for the HAADF detector, were set according to the experimental conditions.

XPS measurements were conducted in a high-resolution Thermo Scientific XPS with a monochromatic Al Kα x-ray source. The resulting spectra were charge-referenced to adventitious carbon corresponding to the carbon 1s peak at 284.8 eV. Raman spectroscopy measurements were performed using an inVia confocal Renishaw Raman spectrometer. A 100× objective lens and a 488-nm wavelength laser were used to excite the samples. The spectrometer was calibrated using a standard Si sample before the measurements. XRD was performed using a PANalytical Empyrean x-ray diffractometer with a scanning range from 5° to 80°.

Electrochemical characterization
--------------------------------

Electrochemical tests, including EIS, CV, and DPV, were recorded using a PalmSens4 potentiostat, in conjunction with PSTrace5 software (BASi Co., USA), and a three-electrode system. A Pt wire and Ag/AgCl (sat. NaCl) were used as the CE and RE, respectively (unless otherwise stated). Test devices were prepared by contacting the sensing material with the copper tape. A small exposed window (\~2 mm^2^) was isolated using the PI tape. CV and EIS are used for characterizing electron transfer kinetics and the reversibility of reactions ([@R23]). \[Fe(CN)~6~\]^3−/4−^ and \[Ru(NH~3~)~6~\]^2+/3+^ \[both 5 mM in PBS (pH 7)\] were used as redox probes for the CV measurements. The solution (100 μl) was pipetted onto the electrode, and the potential was scanned from −0.6 to 0.6 versus Ag/AgCl at a scan rate of 50 mV/s. For EIS measurements, a 50 μM DA solution \[in PBS (pH 7)\] was used as the redox probe to specifically investigate the charge transfer characteristics relating to the redox of DA. A DC potential of 0.1 V versus OCP was applied in addition to an AC potential of 10 mV. The frequency was swept over a range of 1 MHz to 1 mHz. OCP is determined by the potentiostat before the measurement is started. A Newton algorithm was used to fit the equivalent circuit and obtain the charge transfer resistance.

For quantitative identification, DA or the interfering metabolites (UA and AA) were dissolved at a given concentration in the electrolyte \[PBS (pH 7) or artificial sweat\]. The DPV was performed from −0.6 to 0.4 V with a potential step of 10 mV, a pulse potential of 200 mV, a pulse time of 20 ms, and a scan rate of 50 mV/s. The peak values of the DPV spectra were read after a polynomial spline baseline correction ([@R40]). The baseline was defined as the signal obtained for the analyte-free electrolyte solution. We defined the signal as the normalized peak current, written as $I_{n} \triangleq \frac{I}{I_{\text{max}}} \times 100\%$, where *I* is defined as the peak current for a given sample at a given DA concentration (ρ~DA~) and *I*~max~ is defined as the peak current for the same sample at a DA concentration of 50 μM in PBS. To obtain error bars, each concentration was measured using three distinct sensors synthesized under the same material synthesis condition. Amperometric measurements were carried out in a three-electrode electrochemical cell with 15 ml of solution. The sensor current was allowed to stabilize before any analytes were added. The solution was held under constant stirring at 450 rpm. Analytes were added every 50 s without pausing of the amperometric scan.

The artificial sweat solution was prepared similarly to the report by Gao *et al.* ([@R41]). The solution was made up of 22 mM urea, 5.5 mM lactic acid, 3 mM NH~4~^+^, 0.4 mM Ca^2+^, 50 μM Mg^2+^, 25 μM UA, 5 mM glucose, 10 mM K^+^, and 100 mM Na^+^. All chemicals were purchased from Sigma-Aldrich, USA. The pH of the solution was adjusted to slightly under 7, which falls within the typical range of pH 5 to 7. The serum solution was prepared using fetal bovine serum (Corning, USA; U.S. origin, no heat inactivation) diluted 1:10 in PBS.

The all-integrated sensor was fabricated on a flexible PI substrate. Mn-MoS~2~ was used as the WE. A 2-mm-diameter biopsy punch was used to create a window in the PI tape before placing onto the WE, thus allowing for consistent geometric area across sensors. Adhesive PGS were used as the basis of the RE and CE. The RE was formed by depositing colloidal Ag paste (Electron Microscopy Sciences, USA) onto the graphite sheet to serve as the pseudo-RE. The paste was cured at 120°C in an oven for 30 min, as per the manufacturer's recommendation, before measurements were taken. Here, the copper tape was used to electrically contact each electrode. The PI tape was used to electrically isolate the electrodes from the copper tape. For electrochemical measurements, \~300 μl of solution was used to ensure that all electrodes were completely immersed.

DFT calculations
----------------

DFT calculations were done using Quantum Espresso ([@R42]) with the local density approximation (LDA) ([@R43]) and the projector-augmented wave (PAW) ([@R44]) method. A plane wave basis up to an energy cutoff of 544 eV was used for the wave functions. A 6 × 6 supercell of monolayer MoS~2~ was used with a 3 × 3 gamma-centered k-point grid. The cell was 22 Å long in the perpendicular direction, and spin polarization was considered for all calculations. The convergence criterion for the self-consistent calculations was 10^−6^ eV, and the atomic positions were relaxed until all the forces were under 0.01 eV/Å. Formation energies are calculated as [Eq. 4](#E4){ref-type="disp-formula"}$$E_{F} = (E_{\text{Defect}} + \mu_{A}) - (E_{\text{Pristine}} + \mu_{\text{Mn}})$$where μ~Mn~ is the energy of a Mn atom in the bulk phase and μ~A~ is the chemical potential of the S or Mo atom that is removed from the cell. *E*~Defect~ and *E*~Pristine~ are the total energies of the defective and nondefective MoS~2~ supercells, respectively.
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